Introduction
============

Nanoplasmonics is the primary toolbox to manipulate light at the nanoscale, *i.e.*, in the realm of molecules, proving to be an extremely flexible and powerful tool both to control photochemical processes and to enhance optical responses of (supra)molecular systems.[@cit1]--[@cit7] One of its earlier successes was to scale the sensitivity of spectroscopic techniques down to the single molecule level, in Raman scattering[@cit8],[@cit9] and also in fluorescence.[@cit10],[@cit11] More recently, the enhanced molecular spectroscopic signals allowed to probe even the sub-molecular scale.[@cit12] The possibility of reaching the strong-coupling regime[@cit13]--[@cit16] has been also demonstrated for a single molecule.[@cit17] Such achievements, in particular, were made possible by the spatially inhomogeneous nature of the plasmon-enhanced electromagnetic field,[@cit18],[@cit19] that can even be stretched down to the atomic scale.[@cit20] In parallel, it has been shown that nanoplasmonics can be joined with ultrafast spectroscopy, to endow nanoplasmonics with time resolution.[@cit21]--[@cit24] These works taken together demonstrate the potential of nanoplasmonics in investigating the intimate nature of molecular quantum phenomena, far beyond what can be achieved by far field spectroscopy.

Among the many phenomena that can be studied, one of the most debated topics in the last ten years has been the role of quantum coherence effects in the light-harvesting function of photosynthetic organisms.[@cit26]--[@cit29] Typical pigment--protein complexes devoted to this task contain tens of chromophores that sustain several delocalized excitations (excitons). In this context, nanoplasmonics has been used in combination with advanced optical spectroscopy to investigate the possibility of controlling the exciton properties of the complexes,[@cit30]--[@cit32] in some cases achieving a single molecule sensitivity.[@cit33]--[@cit35] Although ultrafast spectroscopy is the best tool available for the time being, it is also rather limited in terms of the exciton states that can be created and manipulated, due to the well-known dipolar light--matter interaction selection rules. It is very challenging, for example, to directly test to which extent a quantum walk model for the exciton diffusion within the chromophoric system is appropriate, *i.e.*, how important quantum coherences really are.[@cit28] In fact, the ideal experiment would be to excite a single (or a few) chromophore(s) inside the protein and then follow the resulting evolution of the quantum state of the system. But the excitation of a single chromophore, whose states are hybridized with those of all the others, cannot be achieved with a far field excitation only.

By means of a rigorous, state-of-the-art multiscale model[@cit36],[@cit37] which combines time-dependent density functional theory (TDDFT) and two polarizable classical models for the protein and the metal nanoparticle (MNP), we show that the spatitally inhomogeneous electromagnetic field provided by sharp metal tips can be used to create localized excitations in an otherwise delocalized multichromophoric system. The system under study, LH2, is a light-harvesting pigment--protein complex present in purple bacteria, comprising 27 bacteriochlorophyll-a units (BChl) arranged in two rings, labeled B800 and B850, as shown in [Fig. 1A](#fig1){ref-type="fig"}. The light absorption of the complex in the 750--900 nm range is determined by the excitonic interactions of the Q~y~ transition in each BChl: the resulting spectrum is in fact characterized by clear excitonic features, with two distinctive bands at ∼800 and ∼850 nm, that are spatially delocalized over the B800 and B850 rings, respectively (see [Fig. 1B](#fig1){ref-type="fig"}). Two tip-shaped gold nanoparticles have been designed to display plasmon peaks in resonance with the two absorption bands of LH2, at 800 and 850 nm, as in [Fig. 1E](#fig1){ref-type="fig"}, and in order to enhance their effect on the BChl units, the former was placed in correspondence to the B800 ring, while the latter in correspondence to the B850 ring.

![(A) Side and top view of the LH2 complex. The B850 BChls are divided into α (pink) and β (purple) due to the different local environment. The B800 BChls, also labeled γ, are colored cyan. (B) Experimental absorption spectrum,[@cit25] measured at 300 K. (C) Schematic representation of the arrangement of the transition dipole moments corresponding to the first bright excited state (Q~y~ state) of each BChl in the complex. (D) Tips NT-800 and NT-850 are placed with the polarization axis (labeled P) perpendicular to the LH2 *C*~9~ axis. Dimensions and distances are reported in nm. (E) (Top) Simulated extinction cross sections for gold NT-800 and NT-850. (Bottom) Simulated metal polarizability along the main axis for the same tips, showing real and imaginary components separately.](c8sc01162a-f1){#fig1}

While the effects of metal proximity minimally perturbs the inter-chromophoric energy transfer rates, the tip-enhanced field is inhomogeneous enough to localize a pulse excitation on a few chromophores. Such localized excitation remains possible also when thermal fluctuations are accounted for. These findings open the way to the direct investigation of quantum-based processes such as the quantum diffusion of the excitation among the chromophores, rather than inferring them from the far-field behavior of the ultrafast response of the system. Also, they show that exciton states can be manipulated and shaped from outside, without the need of mutating the supramolecular system.

Methods
=======

The structure of LH2 is taken from *Rhodopseudomonas acidophila* (PDB: ; [1NKZ](1NKZ), resolution 2 Å).[@cit38] The LH2 system is oriented with the *C*~9~ axis along *z*. There are 18 BChls in the B850 ring, labeled α and β alternately, and 9 BChls in the B800 ring, labeled γ (see [Fig. 1C](#fig1){ref-type="fig"}). The distinction between α and β BChls is due to the different apoprotein chains they are noncovalently bound to. The crystal structure is refined by adding hydrogens, and considering all titrable residues in their standard protonation state. Histidine residues coordinated to bacteriochlorophylls are protonated at the *δ* position to allow coordination with the Mg atoms. The positions of the hydrogen atoms are optimized at the Molecular Mechanics (MM) level using Amber14.[@cit39] The geometries of the three non-equivalent bacteriochlorophylls are optimized at the B3LYP/6-31G(d) level within a fixed protein environment, using the ONIOM (our own n-layered integrated molecular orbital and molecular mechanics) scheme.[@cit40] The geometries thus optimized are replicated exploiting the *C*~9~ symmetry of LH2, in order to obtain a completely symmetrical complex. The geometry of BChl is also optimized in acetone solution with PCM.

Each of the 27 BChl units is treated as a two-level system, as only the bright Q~y~ transition is considered. Calculations of BChl transition energies and properties are carried out at TD-DFT level using the CAM-B3LYP functional and the 6-31G(d) basis set, as in previous works of some of us on LH2.[@cit41]

The protein environment is included using a classical atomistic representation where the atoms are described using fixed point charges and atomic polarizabilities (MMPol).[@cit42],[@cit43] Within this approach, the environment is able to polarize as a response to the quantum-mechanical electron density. This is of fundamental importance, especially when electronic excitations are studied. The parameters of the classical atoms are as described elsewhere in previous works of ours.[@cit37],[@cit41]

The model used to account for the plasmonic effects is an extension of the Polarizable Continuum Model (PCM) originally developed to describe solvents.[@cit44] The metal nanoparticle (MNP) is represented as a continuous body characterized by its response properties to electric fields (both the external ones and those generated by the LH2 charge distribution): a conductor for static perturbations and a dielectric characterized by a frequency-dependent complex permittivity for dynamic perturbations. The response of the MNP is described in terms of induced charges spread on its surface, which is built using interlocked spheres of different radii and discretized by using a triangular mesh. For more details on the theory and implementation we refer to the literature.[@cit36],[@cit45]--[@cit47]

Two gold nanotips (NTs) are employed, whose shape and dimension are shown in Fig. S3 of the ESI.[†](#fn1){ref-type="fn"} The shape and size of the nanotips are compatible with those of experimentally synthesized nanoparticles,[@cit48] and have pointy ends that correspond to those inducing the experimental results observed in [@cit20]. Some rod-shaped nanoparticles, lacking pointy ends, have also been tested, but yielded less relevant results, as they affected the exciton properties of the pigment--protein complex less strongly, as already reported,[@cit37] and will not be further analyzed here. In all cases, the experimental frequency-dependent complex permittivity of gold is used.[@cit49] The tips are designed to display plasmon peaks in resonance with the two absorption bands of LH2, at 800 and 850 nm, as in [Fig. 1E](#fig1){ref-type="fig"}, and are labeled NT-800 and NT-850 accordingly. They have similar shapes, characterized by a 1 nm-large tip and ∼100 nm length, and are placed with their polarization axis (P) perpendicular to the LH2 *C*~9~ axis, at a very short distance from the protein, in correspondence to the BChl rings, as in [Fig. 1D](#fig1){ref-type="fig"}. To enhance their effect on the BChl units, NT-800 is placed in correspondence to the B800 ring, while NT-850 is placed in correspondence to the B850 ring. The closest BChls are γ~1~ and γ~9~ (NT-800) and α~1~ and β~1~ (NT-850), at a distance of ∼0.5 nm.

The exciton Hamiltonian readswhere *ε*~*n*~ is the Q~y~ excitation energy (site energy) localized on the *n*-th BChl and *V*~*m*,*n*~ is its electronic coupling with the corresponding excitation on the *m*-th BChl. Here the lowercase indices are used to label localized states. The electronic couplings are computed from the Coulomb interaction between transition densities corresponding to the Q~y~ excitations on different BChls. The explicit effects of the plasmonic and the protein environment are also included as two additional terms which depend on the dipole moments induced by the Q~y~ transitions on the protein atoms[@cit42] and on the charges induced by the same transition on the MNP surface.[@cit50] Due to the weak coupling between the two rings, the B800 and B850 blocks of the Hamiltonian are separately diagonalized, resulting in exciton states fully placed over either of the two rings.[@cit37] The eigenvalues and eigenvectors obtained from the diagonalization correspond to the exciton energies {*E*~*M*~} and exciton states {\|*M*〉} (uppercase indices label exciton states). The eigenvectors form the coefficient matrix } (uppercase indices label exciton states). The eigenvectors form the coefficient matrix **C**, whose elements *C*~*Mm*~ identify the contribution of the *m*-th BChl to the *M*-th exciton state. The extent of delocalization of the exciton states is quantified in terms of the participation ratio which is defined as[@cit51]

This definition ensures that PR ∈ \[1, *N*~*M*~\], where *N*~*M*~ is the number of localized states {\|*m*〉} of which the exciton states are a combination. In the present work, PR values are between 1 and 9 (B800 exciton states) and between 1 and 18 (B850 states).} of which the exciton states are a combination. In the present work, PR values are between 1 and 9 (B800 exciton states) and between 1 and 18 (B850 states).

The state excited after irradiation with light in a certain frequency range *Ω* is a superposition of exciton states whose energy lies in that range, weighted by the component of their transition dipole moment along the direction of the light polarization *ε̂*:where *z*~*M*~ = *ε̂*·*μ*trM. Here *μ*tr*M* is the exciton transition dipole moment, defined in terms of the localized ones, *μ*tr*m*, where the transition considered is that between the ground and first excited state of BChl: ![](c8sc01162a-t4.jpg){#ugt4}. Recall that *z*~*M*~ in eqn (3) are complex since the effective dipole moment is a complex vector. The normalization constant is ![](c8sc01162a-t5.jpg){#ugt5}. The exciton states can be further expanded in the basis of localized transitions {\|*m*〉} through the coefficient matrix } through the coefficient matrix **C**:

The projection of \|*Ψ*〉 along one localized state \| along one localized state \|*q*〉 therefore is: therefore is:since the localized states are assumed orthonormal. The population of state \|*q*〉 is the square modulus of the projection: is the square modulus of the projection:

The spectra in the absence of any metal nanoparticle are computed using the unperturbed coefficient matrix **C**~o~ and unperturbed transition dipole moments *μ*tro (comprising both the BChl transition dipoles, *μ*trsys, and those induced on the polarizable protein by the former ones, *μ*trprot). To account for the static disorder in the spectra, a Gaussian distribution of site energies with standard deviation 40 and 250 cm^--1^ is used for B800 and B850 BChls, respectively (data from [@cit52]). For each realization of the disorder, a spectrum is simulated using Lorentzian lineshapes at the transition energies with 5 cm^--1^ width. The 100 000 realizations are then averaged. All the other spectra presented are broadened artificially using Lorentzian lineshapes of HWHM 200 and 160 cm^--1^ for exciton states on the B850 and B800 rings, respectively.

The close presence of a MNP has two concurring effects on the optical properties of the aggregate, which will be referred to as intrinsic and extrinsic.

The intrinsic effect consists of the following: the metal perturbs the exciton states of the LH2 complex by acting on the elements that make up the exciton Hamiltonian of eqn (1). Both site energies and couplings are computed in the presence of the composite and polarizable environment. In particular, the presence of the MNP not only perturbs the Coulomb-dominated coupling between BChls, but also introduces a second-order, polarization-mediated complex interaction term.[@cit50],[@cit53] The combined effect on *ε* and *V* alters the exciton properties of the complex, and is due both to the protein environment and the MNP. However, while the protein does not perturb significantly the symmetry of the system, as its effect is similar for analogous BChls, the nanoparticle, positioned asymmetrically with respect to the *C*~9~ axis, can generally have a much stronger effect. The spectra including the "intrinsic" effect of the MNP are computed using the perturbed coefficient matrix **C**~MNP~ and the unperturbed transition dipole moments *μ*tro.

The presence of the metal also implies the onset of a larger effect, here referred to as extrinsic effect, which is related to the ability of the nanoparticle to affect the interaction between the molecular system and the light. When photon absorption is concerned, the absorption is proportional to the electric field intensity acting locally on the molecule. Due to the plasmonic resonance of the MNP, such field will be enhanced but also its spatial distribution will be modified becoming inhomogeneous. The spectra including the "extrinsic" effect of the MNP are computed using the perturbed coefficient matrix **C**~MNP~ and the perturbed transition dipole moments *μ*tro + *μ*trmet.

We consider unpolarized light for all the main text results (some with polarized light are in the ESI[†](#fn1){ref-type="fn"}). We stress that there is a practical difference in the meaning of unpolarized light when we investigate the intrinsic effect only and when we investigate instead intrinsic + extrinsic effects. In the latter case, which is the realistic one, we refer to using unpolarized light to excite the tip. Due to the tip plasmonic response, the resulting field at the protein position is actually strongly polarized along the nanotip axis direction even if unpolarized light was used. When we focus instead on intrinsic effects only, which is a purely modelistic situation, the effects of the tip on light are purposely disregarded, and the unpolarized light is thus that directly acting on the protein.

A locally modified version of the Gaussian09 code[@cit54] has been used in all calculations.

Results and discussion
======================

As detailed in Methods section, the presence of a MNP has two concurring effects on the optical properties of the aggregate, which will be referred to as intrinsic and extrinsic and will be analyzed separately.

Intrinsic effect: modification of the exciton states
----------------------------------------------------

To investigate the intrinsic effect, we analyze the local modifications induced by the tip on the individual BChls, and the ensuing perturbation on the expansion coefficients from the BChl-localized basis to the exciton one, which are obtained by diagonalizing the exciton Hamiltonian. A perturbation of such coefficients alters all the exciton properties.

The tip NT-800 is placed with its polarization axis perpendicular to the LH2 *C*~9~ axis and pointing to the B800 ring, as indicated schematically in [Fig. 1D](#fig1){ref-type="fig"}. As expected, a rather strong effect is observed on the excitation energy of the closest BChl unit, γ~1~, which is blue-shifted by nearly 100 cm^--1^ (see ESI Fig. S5[†](#fn1){ref-type="fn"}). As the other BChls are only minimally affected, the interaction is markedly local and potentially leading to an intense modification of the exciton states. Concurrently, the electronic couplings are also affected, although by a lesser extent. Notably, the couplings *V*(γ~1~, γ~2~) and *V*(γ~1~, γ~9~) are those of most strong concern, with their real components respectively decreasing and increasing by ∼60% and ∼40%. In particular, the predominant effect of the tip is through the complex polarization-mediated interaction term. However, the shift induced on the couplings is at most 25% of that on the site energies, and the net effect is therefore mainly governed by the latter.

Moving to the delocalized exciton basis, we observe that most exciton energies are only minimally affected, while significant blue shifts are induced on a few states (see ESI Table S2[†](#fn1){ref-type="fn"}). When inspecting the spatial properties of the exciton states, significant modifications appear in the presence of NT-800, particularly for states S10 and S22. The spatial distributions of these states are analyzed in [Fig. 2](#fig2){ref-type="fig"}, where their expansion coefficients are represented in the two cases without metal (left), and with NT-800 (right).

![Exciton coefficients and transition dipole moments of exciton states S10 (top) and S22 (bottom), without and with nanoparticle NT-800. The circles placed on the BChl units have radii proportional to the corresponding coefficients, and colored to indicate the sign. The arrows represent the localized transition dipole moments, weighted by their relative coefficients. The red arrows represent the resulting exciton transition dipole moments (real component only). In the NT-800 arrangement, the tip axis is lying on the BChl ring plane, perpendicular to the *C*~9~ axis, and closest to the BChls γ~1~ and γ~9~, as indicated by the yellow tip. Drawing out of scale.](c8sc01162a-f2){#fig2}

Initially, S10 is completely delocalized over the B800 ring and characterized by a very small dipole moment in the *C*~9~ direction. The presence of the tip introduces a perturbation to the coefficient matrix which breaks the symmetry, decreasing the contribution from the closest BChls. As a consequence, the resulting exciton transition dipole moment, which is the weighted average of the localized dipoles, increases by ∼20% and gains a component perpendicular to the *C*~9~ axis. This effect is even more evident for the S22 state, which is initially dark and rather delocalized on the B800 ring, and is subject to a strong localization over the γ~1~ and γ~9~ BChls, with a consequent increase of the dipole moment (from 0 to 1.9 a.u.). The level of delocalization can be quantified through the participation ratio (eqn (2)). By definition, the PR ranges from 1 (for a state fully localized on one chromophore) to *N*, the number of chromophores (for perfectly delocalized states). The PR reflects the metal-induced localization of S10 and S22: the former slightly reduces from the initial value of 9.0 (*i.e.*, complete delocalization over the B800 ring) to 8.6, while the latter PR goes from 6.0 to 1.8 (see ESI Table S4[†](#fn1){ref-type="fn"}).

Such asymmetric redistribution of the states also reflects on the spectrum: in the absence of MNPs, the absorption spectrum is dominated by two pairs of very bright "fingerprint" exciton states, S2 and S3, at lower energy, and S11 and S12, at higher energy, that contain nearly all the oscillator strength of the B850 and B800 BChls, respectively. All the other exciton states are either dark or nearly dark by symmetry. As detailed above, the intrinsic effect of the tip is visible on both bright and dark states: on the one hand, it is able to remove the degeneracy in the dipole moments of the high-energy pair of bright states (see [Fig. 3B](#fig3){ref-type="fig"} and ESI Table S1[†](#fn1){ref-type="fn"}). At the same time, it causes a redistribution of the dipole moment between states in the same energy range, whence states initially dark gain strength.

![Simulated absorption spectra of LH2 with and without NT-800. The exciton states responsible for the peaks are indicated. Broadening is simulated using Lorentzian lineshapes. (A) No metal is present. (B) The intrinsic effect of the metal on the exciton states is considered, but without including the explicit contribution of the NT to the transition dipole. (C) Both intrinsic and extrinsic effects of the metal on the complex are considered. Light is assumed unpolarized.](c8sc01162a-f3){#fig3}

In [Fig. 3](#fig3){ref-type="fig"} (panels A and B), the simulated absorption spectra of LH2 are reported with and without the effect of NT-800. In the simulation, the light is assumed unpolarized (analogous spectra with polarized light are presented in the ESI Fig. S7[†](#fn1){ref-type="fn"}). Panel A illustrates the unperturbed case, which displays the two typical absorption bands with a ∼2 : 1 ratio which reflects the fact that the B850 ring contains twice as many BChls as the B800 ring (18 and 9, respectively). Panel B shows the intrinsic effect of NT-800 on the system: while the state energies are only slightly modified, a certain redistribution of oscillator strength at the high-energy end of the spectrum is noticeable. This mainly concerns the B800 states resonant with the tip, as S10, S16 and S22 gain strength to the detriment of the bright S11 and S12 states, with a consequent increase of the B800 band width. Notice also the internal dipole redistribution affecting previously identical S11 and S12 states.

The modifications observed are not strong enough to overturn the overall shape of the spectrum, and in the end the intrinsic effect of the metal is mainly limited to breaking the original symmetry of the exciton states, rather than modifying the shape of the absorption spectra. Such perturbation of the exciton states, in the case of NT-800, is dominated by diagonal contributions (*i.e.*, on the site energies, rather than on the couplings), but this is not necessarily true for all metal aggregates; indeed, when the NT-850 is considered, the shifts induced on the B850 site energies are comparable to those induced on the couplings, and the metal affects both diagonal and off-diagonal terms of the Hamiltonian matrix. Anyway, as the effect is now concentrated on the strongly coupled B850 ring, it turns out that the Hamiltonian is much more robust to the (weaker) modifications operated by the metal (which is also the origin of the exchange narrowing phenomenon[@cit55]), and the marked localization effects observed for NT-800 cannot be seen with NT-850. In short, the exciton states delocalized on the B850 ring, including the bright S2 and S3 states, are virtually unaffected by the presence of the tip, while we shall later see that the explicit interaction with light mediated by the plasmonic tip (extrinsic effect) can produce a superposition of such states with a rather localized character.

Extrinsic effect: modification of the exciton interaction with light
--------------------------------------------------------------------

The extrinsic effect can be conveniently reformulated using an effective transition dipole moment, the absorption coefficients being proportional to its square modulus. Indeed, when a molecular system in a complex polarizable environment (here constituted by the protein scaffold and the metal) is subject to an external electric field, the induced transition dipole moment is *μ*^tr^ = *μ*trsys + *μ*trprot + *μ*trmet, where the last three terms are the transition dipole of the absorbing system, and the dipoles it induces in the polarizable protein environment and the metal nanoparticle, respectively. The latter term is in general complex, due to the dissipative dielectric response of the metal nanoparticle. If the MNP is resonant with the transition frequency, *μ*trmet can be overwhelmingly larger than the other contributions, provided the optimal shape, orientation and position are selected. In the present case, where an exciton system is at play, the magnitude of this effect is different for each of the exciton states, resulting in a radically altered absorption spectrum. Indeed, for selected exciton states, *μ*trmet can be more than one order of magnitude larger than *μ*trsys. For instance, recent single-molecule observations and computational simulations showed that the fluorescence of the LH2 system close to metal nanorods displayed enhancements of up to three orders of magnitude.[@cit34],[@cit35],[@cit37] These results were obtained using a setup characterized by a large extrinsic metal effect, which however did not significantly perturb the exciton states, unlike the present work.

In [Fig. 3C](#fig3){ref-type="fig"} we show the spectrum simulated including the whole perturbation induced by NT-800, assuming unpolarized light: the oscillator strength is computed using the effective transition dipole moment *μ*^tr^, therefore comprising the extrinsic contributions from the tip. We observe that the effect of the tip is larger at the high-energy end of the spectrum, which is resonant with the plasmon frequency, and more limited for the low energy states. As expected, the opposite is true when tip NT-850, with plasmon peak at 850 nm, is analyzed instead (see ESI Fig. S11[†](#fn1){ref-type="fn"}). We also note that the loss of dipole degeneracy in the bright states is now further increased. For instance, the metal tip enhances the dipole strength of the initially degenerate bright states S11 and S12 by approximately 25 and 170 times, respectively. Indeed, the asymmetrically placed tip responds differently to the localized states, depending on the distance and orientation of their transition dipole moment with respect to the metal polarization axis. Therefore, combinations otherwise degenerate in energy and properties, like the two fingerprint pairs of bright states, induce responses that are quite different. This is discussed and exemplified in ESI Section S1.[†](#fn1){ref-type="fn"} We finally note that, as a consequence of this extrinsic effect of the metal, states previously dark or very weak can gain much strength, and therefore become accessible to light probing. Indeed, the shape of the simulated absorption spectrum in [Fig. 3C](#fig3){ref-type="fig"} is completely transformed, with the B800 band at higher energy being more than five times as intense as the B850 one. Moreover, the spectrum is dominated by the initially dark B800 state S22. As observed before, the intrinsic effect provided a strong localization for this state, with an increase in strength, which was further intensified by the extrinsic effect. Note the absolute value of the absorption spectrum, which has increased by more than three orders of magnitude with respect to the unperturbed one. Indeed, this is due to the very large extrinsic metal effect, and is responsible for the large absorption and fluorescence enhancements observed for a large variety of systems close to metal nanoparticles. Spectra simulated in the presence of NT-850, reported in the ESI,[†](#fn1){ref-type="fn"} show different enhancements.

We now investigate the practical implications of being able to populate perturbed exciton states, or combinations thereof, that were previously unaccessible. We will simulate the effect of light irradiation of the system at certain frequency ranges, thus populating the exciton states absorbing at those frequencies. Should more than one state absorb in the range considered, the effective state produced will be a superposition, to which each state *M* with energy in the range contributes proportionally to the component of its effective dipole moment along the polarization direction of the light: ![](c8sc01162a-t9.jpg){#ugt9} (see eqn (3)). This amounts to considering that the system is investigated by ultrashort laser pulses (ideally behaving as delta-pulses), like those used in ultrafast spectroscopies.

In the absence of any perturbation, the states accessible to light probing are the two couples of bright states (S2, S3 and S11, S12), characterized by a complete delocalization over the B800 and B850 rings, respectively. The metal nanoparticle instead gives direct access to states previously inaccessible, whose spatial arrangements, in addition, may be considerably perturbed. As an example, we simulated the superposition of states obtained by irradiating the LH2 system in the presence of NT-850 or NT-800. The irradiation was simulated with light polarized along the NT axis, in energy ranges resonant with each tip, *i.e.*, around 850 and 800 nm for NT-850 and NT-800, respectively. The results are reported in [Fig. 4](#fig4){ref-type="fig"} (left). Both superpositions happen to be highly localized on the tip side, with effective PRs of 4.9 and 1.8 (top and bottom, respectively).

![Left: superposition of states accessible using light polarized along the main NT axis in the 1.35--1.5 (top) and 1.5--1.65 eV (bottom) ranges. Right: average population of each BChl under the same irradiation, over 100 000 realisations obtained by including a diagonal static disorder. The LH2 system is perturbed by NT-850 (top) and NT-800 (bottom). Significant contributions to the average population: for NT-850 BChls β~9~ (31%), β~2~ (15%), α~9~ (14%), α~1~ (13%); average PR: 6.1. For NT-800 BChls γ~1~ (69%), γ~9~ (13%); average PR: 2.0.](c8sc01162a-f4){#fig4}

When irradiation at high energy is considered, in the presence of the resonant NT-800 (bottom panel), state S22 is dominant (40%) and the superposition is localized on BChls γ~1~ and γ~9~ (73% and 14%). This is a particularly interesting case as S22 is a dark state that can now be accessed thanks to the extrinsic metal effect, which increases its effective dipole moment. At the same time, however, for this B800 state the intrinsic effect is of the highest importance, as it perturbs the state character, localizing it. The resulting combination is therefore highly asymmetrical, and characterized by one large contribution from the γ~1~ BChl. When instead irradiation at low energy is considered, in the presence of the resonant NT-850 (top panel), the superposition concerns mainly BChls on the B850 ring and is also rather localized on the side of LH2 closest to the NT-850 tip. This is somewhat surprising, as the tip, resonant with the low energy states, had a negligible intrinsic effect on the BChl site energies and couplings compared to the NT-800 one, as already discussed. Moreover, the B850 BChls show a much stronger inter-chromophore coupling, and are therefore much more robust to perturbations. As a consequence, the B850 exciton states were quite little modified by the intrinsic effect of the tip, with negligible variations of PRs and dipole moment redistributions. The trick here is played by the extrinsic effect, enhancing the dipole moments of states S3, S5 and S7, so that in the 1.35--1.50 eV range they contribute by 85% to the superposition. Despite the fact that neither of the three states is particularly perturbed by the NT (and thus all the states are rather delocalized, with PR ≥ 10.7) this particular combination shows a clear localization on the α and β BChls of monomers 9 (50%), 1 and 2 (16% each). Note that the cases considered, with the light polarized along the metal P axis, are those that maximally enhance the effect of the tip, since the exciton dipole moments induced on the metal are directed along *P*. Larger protein--metal distances were also tested: the extrinsic effect remains strong, while the intrinsic one decays rapidly, yielding a similar trend to what seen in [@cit37].

The results obtained so far refer to an ideal symmetric geometry, disregarding any effect arising from fluctuations. At room temperature, such results could be completely overturned, should the disorder overcome the effect of the nanoparticle. Moreover, it is known that, in the presence of static disorder, the B800 excitations are very much localized already,[@cit56] owing to the small coupling between BChls. While this could seem to belittle the effect of the plasmon shown so far for B800 excitations, it in fact suggests that the latter could act as a selector, allowing to selectively localize the excitation onto one particular BChl. In order to verify this hypothesis, the effect of the static disorder has been modeled by adding a normally distributed noise on the site energies. The resulting excitations have been computed for 100 000 realizations with normally distributed diagonal static disorder, and the average populations are reported in [Fig. 4](#fig4){ref-type="fig"} (right panel). Clearly, the disorder does not significantly modify the picture obtained for the static case, as the same spatial localization can be observed. The average absorption spectra, simulated using Lorentzian lineshapes with 5 cm^--1^ homogeneous broadening, are shown in ESI Section S1.[†](#fn1){ref-type="fn"}

Conclusion
==========

In summary, the results shown in the present work demonstrate that it is possible to devise metal nanostructures able to drastically perturb the character of exciton states in multi-chromophoric systems, inducing localization effects of varying degrees. While it is well-known that the metal nanoparticles can induce huge enhancements (or alternatively quenching) in the optical spectra of light-harvesting pigment--protein complexes,[@cit30],[@cit34],[@cit57]--[@cit59] here we have shown that optimally tuned tip-shaped particles can selectively excite localized regions of typically coherent systems, eventually narrowing down to probing one single pigment. Our calculations show that this can been achieved on both B800 and B850 rings of LH2, thus opening novel interesting scenarios, as it allows to shed light on the fundamental properties of multichromophoric systems, particularly for what concerns the effect of coherences in the light capture and energy transfer processes.[@cit27] One can envisage ultrafast experiments where the excitation is consistently prepared on a single chromophore inside the ring, and the following quantum diffusion is probed by subsequent light pulses. This would make it possible to take advantage of the distinctive properties of exciton systems (among which the long lifetimes associated with the states and the highly efficient energy transfer) but also of the ability to selectively control the pigments\' excitations, in terms of energy or spatial position, thus using the metal aggregate as a selector or switch between energy and charge transfer pathways.
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